We propose a dual junction Cu 2 ZnSnS 4 /Cu 2 ZnSnSe 4 (kesterite/kesterite) based tandem configuration and analyze its prospect and viability as a solar cell. Cu 2 ZnSnS 4 and Cu 2 ZnSnSe 4 , both having the kesterite crystal structure, are used as the main absorbers for the top and bottom of cells, respectively. We optimize the thickness of the absorbers using optoelectronic simulations and investigate the effect of absorber thickness on short circuit current density and open circuit voltage. The optimized thicknesses for peak efficiency are found to be 200 nm and 850 nm for Cu 2 ZnSnS 4 and Cu 2 ZnSnSe 4 , respectively. The maximum efficiency of the tandem cell is estimated to be 19.87% including recombination effects such as Shockley-Read-Hall (SRH) and radiative recombination mechanisms. We also investigate the effect of band gap on the performance of the tandem cell and show that a 21.74% efficient tandem cell can be achieved for optimized band gaps. Finally, we report that efficiency could be further enhanced by replacing the CdS buffer layer with eco-friendly ZnS buffer layer and optimizing the tandem structure. The proposition and computational analysis presented in this work may help in achieving higher efficiency kesterite solar cells.
Introduction
In order to avoid negative irreversible effects of traditional energy resources (such as fossil fuels or nuclear power plants etc.), energy harvesting through solar photovoltaics is on the leading edge among other renewable energy resources. Although silicon based solar cells currently share about 85% of the total photovoltaic market, 1 chalcogenide-based thin lm solar cells (such as CIGS, CdTe, CZTS etc.) are being explored extensively among other promising structures and may form the foundation of next generation photovoltaics technology because of their high power conversion efficiency (PCE), low material usage, direct and tunable band gap and low deposition cost on a large area.
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Despite the fact that CuIn 1Àx Ga x Se 2 (CIGS) based solar cells hold the world record efficiency value (21.7%) 6 among all thin lm technologies, the usage of earth rarer costly metals (e.g. indium (In), gallium (Ga)) makes their production limited. Kesterite photovoltaics, utilizing Cu 2 ZnSnS 4 (CZTS), Cu 2 ZnSnSe 4 (CZTSe) and Cu 2 ZnSn(S 1Àx Se x ) 4 (CZTSSe) absorbers, are emerging as one of the most promising replacement for the chalcopyrite solar cells through the substitution of the rarer metals In and Ga of the CIGS absorber with comparatively earth-abundant and lower cost zinc (Zn) and tin (Sn). [6] [7] [8] [9] In addition, kesterite absorbers exhibit high absorption coefficient (>10 4 
cm

À1
) and direct tunable band gap in the range of 1.0-1.56 eV which allow effective absorption of incident photons in few microns' thickness of absorbers.
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Moreover, their properties are closely related to CIGS absorbers because of the similarity in crystal structure and isovalency.
of CdS/CZTS heterojunction were studied by Liu et al. 21 They improved the minority carrier life time by eliminating interfacial defects with chemical bath deposition (CBD) process. However, the disposal and waste recycling process in CBD could be a matter of concern for industry. 22 Different types of hybrid buffer layer were also used to increase open circuit voltage and efficiency of kesterite solar cell. 23, 24 Although noteworthy increases in PCE of kesterite solar cell have been achieved in recent years, further improvements are still required to enhance efficiency up to the level of CIGS solar cells and to increase the commercial viability of these types of photovoltaics.
In order to increase the open circuit voltage and enhance the efficiency, tandem junction topology is an established technique. Recently, Todorov et al. reported perovskite/CZTSSe solar cell with an efficiency of 16%. 25 The performance of their perovskite/ CZTSSe cell is limited by high resistance and low optical transmission of aluminum (Al) layer. The cell suffers from stability issues due to perovskite 26 and increased fabrication cost due to high annealing temperature. 27 Moreover, other disadvantages of perovskites such as limited device life time, poor crystallinity, degradation under environmental inuence, 28 use of toxic metal (lead), 29 uncontrollable surface morphology 30 etc., the use of perovskite/CZTSSe need more organized research on perovskites. Although, kesterite absorbers are suitable for both upper and lower cells in multi-junction solar cells due to their tunable band gap property, no kesterite/kesterite tandem cell has yet been reported in literature. Such tandem junction solar cell would be eco-friendly having low fabrication cost as well as printable with existing technologies. [31] [32] [33] [34] Moreover, this may overcome the limitations of perovskite/CZTSSe cell with the use of CZTS in place of perovskite. In this work, we investigate the prospect of kesterite/kesterite dual-junction tandem solar cells by computational analysis where CZTS (band gap $ 1.56 eV) 35 and CZTSe (band gap $ 1.04 eV) 36 are used as absorber layers for top and bottom cells, respectively. We optimize the structure to achieve maximum efficiency out of these structures. We also analyze the effect of top and bottom cells' band gap and composition of buffer layer on the efficiency of our proposed tandem cell. Fig. 1 represents the structure of a CZTS/CZTSe tandem junction solar cell. CZTS and CZTSe are the main absorbing materials of top and bottom cells, respectively. We have designed the top cell architecture according to the experimental structure reported by Shin et al. 37 The cell layers are AZO/ZnO/CdS/CZTS. Here, CdS is utilized as a buffer layer and n-doped transparent ZnO window layer works as the top surface eld layer. Aluminum doped ZnO (AZO) is used to reduce the series resistance of the overall tandem cell. The thicknesses of AZO, ZnO and CdS in the top cell are 400 nm, 50 nm and 70 nm, respectively. A 100 nm thick magnesium uoride (MgF 2 ) is placed on top as an antireection coating layer. On the other hand, we have followed the experimental design proposed by Wang et al. 11 to model the bottom cell structure. The bottom cell consists of ZnO/CdS/CZTSe. The roles of CdS and ZnO are similar to that of the top cell. The thicknesses of ZnO, CdS and Mo in the bottom cell are 50 nm, 150 nm and 500 nm, respectively. As shown in Fig. 1 . Molybdenum (Mo) is used as the back contact whereas Al contact with 10% coverage is used as the front electrode. A tunneling junction made of ITO is considered between the two cells. Such tunneling junction with ITO has been experimentally fabricated by Todorov et al. 25 Also, CZTS/ITO and ITO/ZnO interfaces have been shown to be experimentally realizable. [38] [39] [40] [41] Therefore, the proposed tandem structure can be implemented with the existing fabrication technology.
Simulation methodology
Study of the structure shown in Fig. 1 was done in two parts: (a) calculation of absorption and carrier generation through optical simulation and (b) estimation of PCE from electrical simulation. In the optical part, we solved Maxwell's curl equations through nite difference time domain (FDTD) analysis to nd out the optical electric eld E op ! distribution inside different layers. Each material was modeled by its respective refractive index (n) and extinction coefficient (k) as a function of wavelength. Then, the absorbed power (P abs ) can be calculated from optical electric eld distribution and imaginary part of complex dielectric constant as
where u is the angular frequency and 3(r,u) is the dielectric constant. The generation rate, G(r) was calculated according to the following equations: where h is the Planck's constant. Periodic boundary condition was used in horizontal (X) direction and perfectly matched layer (PML) boundary condition was applied for top and bottom faces (in Y-direction). AM 1.5G standard solar spectrum has been used as the input radiation source. The electrical characteristics were calculated in two steps. In the rst step, we simulated top and bottom cells separately and calculated their characteristics features. In this regard, we solved the Poisson's equation, dri-diffusion equations and continuity equations (eqn (4)- (8)) self consistently for electrons and holes and nd the J-V characteristics, open circuit voltage (V oc ), short circuit current (J sc ), ll factor (FF) and efficiency (h) of top and bottom cells independently.
where 3 dc is the dc dielectric permittivity, V is the electrostatic potential (electric eld,Ẽ ¼ ÀVV), r is the net charge density (r ¼ p À n + C, which includes the contribution C from the ionized impurity density), J nðpÞ ! is the electron (hole) current density, q is the positive electron charge, m n(p) is the mobility of electron (hole), D n(p) is the diffusivity of electron (hole)
, n and p are electron and hole densities, respectively, R n(p) is the net recombination rate (the difference between the recombination rate and generation rate), k B is the Boltzmann constant and T is the temperature (the subscripts n and p indicate quantities that are specic to the carrier type). Generation rate calculated from the optical simulation was given as an input in the continuity equations and the equation set (eqn (4)- (8)) were solved self-consistently. In this way, we found the individual characteristics of top and bottom cells. We have used Lumerical FDTD and Device solvers for the optical and electrical simulations, respectively. The cells were modeled by the equivalent circuit shown in Fig. 2 . In the circuit, J ph is the photon generated current density, R s and R sh represent series and shunt resistances, respectively. The current density through the diode, J d can be calculated from:
where J s is the dark diode reverse-saturation current, V d is the bias voltage across the diode and n d is the ideality factor.
Once we obtained the model parameters of each cell, we applied the series circuit rules on top and bottom cells' parameters via Matlab simulink and generated the J-V characteristics of the tandem cell (Fig. 3) . The tunneling junction was modeled as ohmic contact. One of the main advantages of using this approach is that a comparison can be conveniently made with the performance of individual cells as well as their roles in the tandem conguration could be clearly comprehended. Using circuit model for computing tandem cell characteristics is also computationally efficient.
Results and discussion
At rst, we benchmarked the J-V characteristics derived from circuit model with the device simulation results for each cell. To match these characteristics, we rst assumed that equivalent circuit only comprised of a photon generated current source (J ph ), a diode (J d ) and a shunt resistance (R Sh ). Then, we simulated the J-V characteristics from device simulation without considering recombination and compared these characteristics with the circuit model. In the next step, we calculated J-V characteristics from device simulation considering recombination parameters and matched the same with circuit model considering series resistance (R s ) in the model. In order to get the best possible match, we considered that ideality factor (n d ) is 1.01 and 1.015 for top and bottom cells, respectively. J ph is assumed to be equal to J sc and J s is calculated from V oc . Series resistances for both top and bottom cells are low enough to validate the assumption J ph ¼ J sc . The values of R s and R Sh are dynamically changed with absorber thickness to match the J-V characteristics of device simulation. Typical matching of J-V and P-V characteristics for 230 nm CZTS and 850 nm CZTSe absorbers is shown for top and bottom cells in Fig. 4 and 5, respectively. Also, Table 1 shows a comparison of V oc , J sc , FF and h of the circuit model with device simulations. As can be seen from Table 1 , circuit model is capable of reproducing the behavior of a cell under different conditions (with or without considering recombination). Thus, we modeled the experimental structures to benchmark our used parameters. Table 2 shows the comparison of our model with experimentally reported values. In this regard, the optical and basic electrical parameters as well as recombination parameters were taken from literature (optical, 15,42-50 electrical 15,36,51-61 (listed in Table  3) ). We considered SRH recombination mechanism for bulk defect and radiative recombination mechanisms for the direct band gap nature of the absorbers. We used much less carrier life time than that of the reported values in literature to predict the minimum performance limit of the proposed tandem structure.
Having been convinced by the accuracy of our methodology, we analyzed and optimized the performance of the proposed CZTS/CZTSe tandem cell. To start the calculation with reasonable values of absorber thicknesses, we rst examined the variation of PCE of top and bottom cells separately as a function of absorber thickness (Fig. 6 ). As can be seen from the gure, efficiencies of the top and bottom cells are maximized at $800 nm and $1200 nm thicknesses of CZTS and CZTSe, respectively. Therefore, as a starting point of our analysis, we chose a 600 nm thick CZTS and 1200 nm thick CZTSe absorbers keeping in mind the advantages of using thin lms (note that we have later varied both absorber thicknesses within a wider range to arrive at an optimum combination). This yields an 8.89% efficient tandem cell with V oc ¼ 1.124 V, J sc ¼ 11.98 mA cm À2 and FF ¼ 0.679. In this conguration, efficiencies of the top and bottom cells are calculated to be 14.57% and 2.82%, respectively. Therefore, the tandem cell actually produces To avoid these unwanted effects and maximize the efficiency of tandem cell, current matching between top and bottom cells is the most crucial factor similar to any tandem conguration.
Therefore, we attempted to match the short current density in top and bottom cells by varying the thickness of main absorbers. The results are summarized in Fig. 7 . Fig. 7(a) represents the dependence of tandem cell's J sc on the thickness of CZTS and CZTSe absorbers. It is known that J sc of the tandem cell is approximately equal to the minimum J sc of top and bottom cells, and it maximizes when J sc of top and bottom cells equals to each other. In tandem conguration, top and bottom cells absorb the shorter and longer wavelength CZTSe (p) 15, 36, 51 CdS (n) 58, 59 ZnS (n) 52, 55, 58, 59 ZnO (n+) photons of the solar spectrum, respectively. To match the J sc of both cells, optical power absorption in two cells must be approximately equal. As the absorption depth of shorter wavelength photons is lower than that of longer wavelength photons, top cell absorbs a signicant amount of radiation at a relatively lower thickness of the absorber ($160 to 240 nm) which yielded a higher J sc than that of the bottom cell as discussed above. To be equal with the top cell's J sc , thickness of bottom cell's absorber must be increased. Loops in the Fig. 7(a) We investigated the dependence of V oc on the absorber thicknesses and obtained a similar contour plot as shown in Fig. 7(b) . The V oc of tandem cell is approximately equal to the summation of individual V oc of top and bottom cells, as expected. To maximize V oc of the tandem cell, individual open circuit voltages need to be maximized. In theory, V oc of a solar cell increases logarithmically with optical generation rate. However, recombination of electrons and holes signicantly limits the increment of V oc at higher thicknesses. It can be seen that V oc of tandem cell remains high in the region of $140-260 nm CZTS and $850 nm CZTSe. Beyond that particular region, V oc of tandem cell falls due to recombination effects and mismatch of optical power absorption between top and bottom cells.
Finally, we analyzed the variation of tandem efficiency (h tandem ) with top and bottom cells' absorber thicknesses. We found that a maximum efficiency of 19.87% can be obtained for a particular combination of thicknesses ($200 nm CZTS and $850 nm CZTSe). Fig. 7(d) shows the J-V characteristics of tandem cell at that particular combination while Fig. 8 shows the absorption spectrum for the same. We also calculated the efficiency of optimized tandem cell without recombination effects. That yields to a 23.94% efficient CZTS/CZTSe tandem cell with V oc ¼ 1.542 V, J sc ¼ 19.83 mA cm À2 and FF ¼ 0.785.
Therefore, it can be inferred that low minority carrier life time signicantly limits the efficiency of the CZTS/CZTSe solar cell by decreasing its open circuit voltage and ll factor signicantly. It can also be noted that the proposed cell could yield 25% more efficiency (>20% as opposed to 16%) than that of perovskite/ CZTSSe structure reported by Todorova et al.
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The experimentally reported tunable band gaps of CZTS and CZTSe vary in the range of 1.4-1.56 eV and, 0.9-1.12 eV (ref. 15, 35 and 36) respectively which enabled the proposed tandem conguration and thus far, we have used 1.56 eV and 1.04 eV as the band gap of CZTS and CZTSe, in that order. Now, we examine the dependence of tandem cell's V oc , J sc and h on the band gap of main absorbers (Fig. 9) , keeping the absorber thicknesses xed at previously optimized values. Due to heterojunction characteristics, built-in potential of top and bottom cells increases with the band gap of absorbers. 62 This increment results in overall increase in the built-in potential of the tandem cell. As a result, V oc of tandem cell is enhanced and a maximum value of 1.544 V was estimated ( Fig. 9(a) ). Moreover, the collection probability of electrons and holes in a solar cell increases with built-in potential which consequently increases its J sc . As can be seen from Fig. 9(b) , J sc of tandem cell slightly increases with the band gap of CZTS and CZTSe. However, the increase in J sc is relatively very small compared to the increase of V oc (7.69% (V oc ) as opposed to 1.83% (J sc )). Finally, Fig. 9(c) shows the variation of efficiency with the band gap of the absorbers. A maximum value of 21.74% was estimated when band gap of CZTS and CZTSe absorbers are both at their maximum values. It should be mentioned that kesterite being a fairly new eld in the solar cell arena, detail and concrete material data as well as analysis are still not available for all compositions (for example, variation of optical constants with band gaps). Thus, in this band gap dependency analysis, we have used the same refractive index and extinction coefficient for all combinations, due to the absence of concrete optical data in literature for tunable kesterites. The qualitative behavior of V oc , J sc and h is similar to that of other tandem cells.
In closing, we studied the effect of buffer layer material on the performance of our proposed cell. As cadmium (Cd) is toxic and environment pollutant, from the industrial point of view, use of CdS should be as less as possible. 63, 64 ZnS, as an alternative buffer layer, could replace CdS because of its eco-friendly nature and cheap synthesis process. 65 We investigated the performance of tandem cell with ZnS buffer layer instead of CdS at the optimized condition. ). It was seen that the optimized thicknesses of CZTS and CZTSe with ZnS buffer layer had changed to 230 nm and 1200 nm, respectively. The same parameters listed in the Table 3 were used in the simulation. ZnS lm has a band gap of $3.58 eV which is much higher than that of CdS ($2.42 eV).
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Due to its higher band gap and lower extinction coefficient, 66 most photons pass through the buffer layer without absorption, and able to reach to the main active layers. Thus, an increment in the thicknesses of main active layers was observed at the optimum condition compared to the previous case (CdS buffer). It is also found that the main absorbers utilize the solar spectrum slightly more efficiently at some wavelengths for ZnS buffer (Fig. 10) ) facilitates a higher collection efficiency of minority carriers. All these facts contribute to a higher J sc when ZnS buffer layer is used. In addition, V oc also increases slightly due to higher optical absorption at the optimized condition. In total, 8% efficiency increment (relative) was observed when ZnS is used as buffer layer. Table 4 gives a comparison between the optimized performance of tandem cell with CdS and ZnS.
Conclusion
In summary, we analyzed the prospect of Cu 2 ZnSnS 4 /Cu 2 ZnSnSe 4 tandem topology where both top and bottom cells have kesterite structures. CZTS and CZTSe absorbers were used to utilize the lower and higher wavelengths of solar spectrum, respectively. Thickness of the absorbers was also optimized for current matching condition of top and bottom cells and thereby best performance metrics were estimated. The maximum efficiency found from the calculation exceeds the previously proposed perovskite/kesterite tandem topology. In addition, the band gap analysis shows further enhancement in tandem efficiency when higher band gaps are used. Such enhancement is achievable due to the tunable property of kesterite. Finally, it was shown that replacing the CdS buffer layer with ZnS buffer layer leads to overall higher efficiency when the absorber layers are properly optimized. The proposed structure could make an eco-friendly, cheap allkesterite solar cell with h tandem $ 20%. The analysis presented in this regard would help in optimizing such tandem devices.
